Abstract The knowledge of the electrical properties of the fruit tissues and their relation with the structural and compositional properties opens an endless number of opportunities in the development and design of industrial equipment for quality and process control. Nowadays, one of the main industrial issues is the detection of seeds inside the fruit, which could be possible with an electrical study of each tissue as a first step of the development of nondestructive sensors. In this context, a deep study of the dielectric properties of mandarin fruit tissues, coupled with a w , X w , pH, maturity index, cryo-SEM, and optical measurements, was performed. Dielectric properties were studied in radiofrequency and microwave ranges. α-, β-, and γ-dispersions and their relaxation parameters were obtained, described, and related to the chemical parameters. Finally, a tool, based on the relaxation dielectric constant in γ-dispersion able to determine the moisture content of the mandarin fruit tissues, has been developed.
Introduction
During the last decade, there has been a continuous increase in the consumption and demand of citrus fruits in the international market, being the mandarin fruit the one that shows the greater growth (Liu et al. 2012) . The consumption habits promoted by a healthy diet and the nutritional qualities are some of the elements that explain this trend (Mateus-Cagua and Orduz-Rodríguez 2015) .
Histologically, mandarin fruit, as all citrus fruits, consists of three parts: peel, pulp, and seed. The outer part of the peel is made up of an epidermis commonly called exocarp or flavedo, and the inner part is the mesocarp or albedo. The albedo consists of vascular bundles, which are distributed along the pulp (Liu et al. 2012 ). The endocarp is the innermost part of the fruit, and it is composed by carpels or locules (pulp) covered by slightly thick layer of vascular bundles (Goldschmidt 1988) , which have a large number of juice vesicles. It is important to highlight that each tissue has different functionality, structure, and composition.
Regarding the composition, mandarin tissues show big differences in the content of ions, essential oils, sugars, fiber content, and principally, water. It should be taken into account that each of the components aforementioned shows different electric properties, which provide valuable information such as physical, chemical, and compositional properties. Due to this, a spectrophotometric analysis able to describe the electric behavior of each tissue represents a first step in the development and design of industrial equipment with different applications.
Permittivity (ε) is the physical property which describes the interaction between the materials such as foodstuffs and a photon flux (Traffano-Schiffo et al. 2014) . Expressed as a complex number, the real part of the ε is called dielectric constant (ε') and it is related to the material's ability to store energy, and the imaginary part called dielectric loss factor (ε^) represents the energy fraction which is absorbed or dissipated (Talens et al. 2016) . Along the electric spectrum between radiofrequency (RF) and microwaves (MW), three main dispersions can be observed: α-and β-dispersions in radiofrequency range and γ-dispersion in microwave range (Schwan 1957) .
α-Dispersion (from a few Hz to a few kHz) is induced by the orientation of mobile charges in a dielectric medium (Traffano-Schiffo et al. 2017a ). β-Dispersion (from kHz to tens of MHz) is related to the orientation of fixed charges in macromolecules such as proteins and carbohydrates, and it could explain complex conformations of these molecules. At higher frequencies of β-dispersion, the main effect is the surface tension; this phenomenon is called Maxwell-Wagner effect (Traffano-Schiffo et al. 2017a , 2017b . In MW range, the interaction of the electric field with biological tissue produces the γ-dispersion. It is observed at gigahertz frequencies and it is due to the dipolar molecules (mainly water) orientation and induction (Castro-Giráldez et al. 2011; Gabriel et al. 1996) . Other important effect in microwave range is ionic conductivity at frequencies from hertz to megahertz (Traffano-Schiffo et al. 2015) . The application of a photon flux to biological tissue causes vibration of ions increasing the internal energy of the molecules; therefore, the ionic conductivity only affects to the loss factor (Castro-Giráldez et al. 2010a, b; CastroGiráldez et al. 2013) .
The aim of this research is to determine the electric properties of mandarin fruit tissues in order to characterize them. This study represents a first step in the development of a method for detecting seeds inside mandarin fruit with a nondestructive method.
Material and Methods

Material
Fresh mandarins (Citrus clementina) obtained from a plantation located in Algimia de Alfara, Valencia, Spain, were used in this experiment. Mandarins were selected according to their homogeneity in size and color and stored at 8°C until further usage.
Experimental Procedure
Twenty samples were used for the experiments. Fruits were tempered at 25°C, and the tissues (pulp, peel, and seed) were separated and maintained in Aqualab® disposable sample cups, sealed with Parafilm® in order to avoid water losses. The tegument of the seeds was removed in order to avoid measurement errors due to adsorbed water to the tegument that comes from the pulp. After that, physicochemical, structural, and permittivity determinations were performed. Permittivity was measured in RF range by using two sensors which consist of two plate electrodes (developed by the authors). In MW range, a coaxial probe (Agilent) was used.
Physicochemical Determinations
The pH of the pulp was measured by using a punch pH-meter S-20 SevenEasy™ (Mettler Toledo, Barcelona, Spain). A dew point Hygrometer Decagon (Aqualab®, series 3 TE) with a precision of ± 0.003 was used to determine the water activity (a w ) at 25°C of each mandarin tissue. Moisture of each tissue was determined by drying in a vacuum oven at 60°C until constant weight was reached (AOAC 2000) . Soluble solids content of the pulp liquid phase was determined by measuring the refractometric index (°Brix) with a refractometer (ABBE, ATAGO Model 3-T, Japan) calibrated with distilled water at 25°C. Titratable acidity, expressed as citric acid in 100 mL of juice, was analyzed following AOAC Method 934.06 titrating an aliquot of juice with 0.1 N NaOH (AOAC 2000).
Analytical determinations described above were obtained in triplicate.
Finally, maturity index (MI) was calculated by dividing the soluble solids content of the extractable juice by its titratable acidity (Melgarejo et al. 2017; Alférez et al. 2005 ).
Structural Analysis
Low-Temperature Scanning Electron Microscopy (Cryo-SEM)
The microstructure of each fruit tissue was analyzed by cryo-SEM. A Cryostage CT-1500C unit (Oxford Instruments, Witney, UK), coupled to a Jeol JSM-5410 scanning electron microscope (Jeol, Tokyo, Japan), was used. The sample was immersed in slush N 2 (− 210°C) and then quickly transferred to the cryostage at 1 kPa where sample fracture took place. The sublimation (etching) was carried out at − 95°C. The final point was determined by direct observation in the microscope, working at 5 kV. Then, once again in the cryostage unit, the sample was coated with gold in vacuum (0.2 kPa), applied for 3 min, with an ionization current of 2 mA. The observation in the scanning electron microscope was carried out at 20 kV, at a working distance of 15 mm and a temperature ≤ − 130°C.
Optical Measurements
Optical measurements of each fruit tissue were made by a binocular loupe Leica MZ APO™ (Leica Microsystems, Wetzlar, Germany) with low magnification (× 8 to × 80) using incident light illumination (light reflected off the surface of the sample). It uses two separate optical paths with two objectives and two eyepieces to provide slightly different viewing angles to the left and right eyes. In this way, it allows a threedimensional visualization of the sample.
Permittivity Measurements
Radiofrequency Range
Two different non-destructive sensors developed by The Institute of Food Engineering for Development (IuIAD) and The Institute for Molecular Imaging Technologies (I3M), both at the Polytechnic University of Valencia (Spain), were used to measure the permittivity in radiofrequency range. Sensors consist of two flat plate electrodes with different dimensions of the plates (Fig. 1a) , which were connected to an impedance analyzer Agilent 4294A (Agilent, Santa Clara, CA, USA). The measured frequency range was from 40 Hz to 1 MHz. Calibration of the equipment was performed in open (air) and short circuit.
The signal obtained by the Agilent analyzer is the impedance Z, which was transformed to permittivity as was described by Traffano-Schiffo et al. (2017a) .
Microwave Range
Permittivity in microwave range was measured from 500 MHz to 20 GHz with an Agilent 85070E open-ended coaxial probe (Agilent, Santa Clara, CA, USA) (Fig. 1b) connected to an Agilent E8362B Vector Network Analyzer (Agilent, Santa Clara, CA, USA). The system was calibrated using three different types of loads: open (air), short circuit, and 25°C Milli®-Q water. Once the calibration was carried out, 25°C Milli®-Q water was measured again to check calibration suitability.
Permittivity measurements were performed in triplicate.
Statistical Analysis
The statistical analysis was carried out with the Statgraphics Centurion XVI Software (Statgraphics, Warrenton, VA, USA). One-way ANOVA analyses were made in order to find statistically significant differences between the parameters studied for the different samples. The logistic model developed by Traffano-Schiffo and co-workers was used in order to fit the dielectric constant spectra by using nonlinear regression (Traffano-Schiffo et al. 2017a ).
Results and Discussion
The macro-and microstructural analysis of mandarin fruit can be observed in Fig. 2 , where big differences among the different types of tissues can be appreciated. Firstly, the peel is composed by the flavedo, which is the outer part of the peel, and the albedo, the inner part. The flavedo is constituted by the epidermis which is covered by a cuticle, while inward parenchymatic cells can be appreciated. The parenchymatic cells are isodiametric and have spherical or oval shapes with very compacted structure, where practically does not exist intercellular spaces and thus, the liquid phase inside is very low. These cells are found below the epidermis and surrounding oil glands cavities (trichomes). Furthermore, the importance of flavedo is that it contains the stomas, which are cellular complex responsible for the gas exchange between the interior and exterior of the fruit. Therefore, the flavedo shows various functions; first, the outer part or cuticle reduces the water exchange with the outside, maintaining high internal water activity, and on the other hand, the stomas (indicated by an arrow) are surrounded by two cells defined as guard or occlusive cells, which regulate the opening of the stoma by integrating different signals (endogenous or exogenous).
Proper stoma regulation provides an efficient use of water and optimum CO 2 exchange rate (Ladanyia 2008) . The albedo is the inner and white part of the peel and it consists of meristematic cells, with irregular shape and size and with large air gaps. The cells have tubular geometry, which are interconnected with large intercellular spaces. Macroscopically, tubular geometry can be correlated with a spongy structure, free of turgidity and compartmentalization. With regard to the pulp, it is composed by lengthened cells called vesicles, where most of its space is occupied by vacuoles, which contain the majority of the liquid phase of the system (juice reservoir) and where the sugars and the organic acids, such as citric acid produced during the ripening, are stored. Finally, seed cells show a very tightly packed structure with very low liquid phase.
It should be taken into account that the physicochemical parameters greatly affect the electrical properties, so in Table 1 , these parameters, segregated according to the MI of the fruits, can be observed. Both the moisture and the water activity show significant differences (p < 0.05) between the tissues.
The dielectric properties of a biological tissue result from the interaction between its constituents at cellular and molecular level and the photon flux (Kuang and Nelson 1998) .
Permittivity was measured in RF and MW ranges; however, one of the main problems to fit the full spectrum is the appearance of three dispersions (α, β, and γ) on a very large frequency range with sigmoidal shape. Traffano-Schiffo et al. (2017a) developed a modified Gompertz model to describe the dielectric constant spectra. This model allows determining the dielectric constants and the relaxation frequencies of each dispersion (Tables 2 and 3 , respectively). Relaxation parameters are important because they allow characterizing the dielectric behavior of biological tissues (Traffano-Schiffo et al. 2017b) . Figure 3 shows the average data obtained for the three characteristic dispersions of the different types of mandarin tissues.
As Fig. 3 and Table 2 show, the dielectric constant of the pulp is higher than those of the peel and the seed along the spectrum. Particularly, in α-dispersion, the dielectric constant of relaxation of the pulp shows a significant higher value Table 2 Relaxation dielectric constant at each specific dispersion (α, β, and γ) ε' Table 3 Relaxation frequency at each specific dispersion (α, β, and γ) , and Zn 2+ (Pérez-López et al. 2007 ) (with high mobility) and highly electronegative organic acids (citric and ascorbic acids) (Traffano-Schiffo et al. 2016 , 2017c , 2017d ; all solved in liquid phase, which increase the dielectric constant of relaxation. In contrast, in both peel and seed, the ion content with mobility is low; thus, the signal decreases considerably and no significant differences between both samples can be appreciated (Table 2) . However, the relaxation frequency in this spectrum range (Table 3) shows significant differences among all the tissues (p < 0.05), which means that the use of the relaxation frequency in α-dispersion could represent a useful tool for tissue differentiation.
MI
With regard to β-dispersion, there are no significant differences (p < 0.05) between seed and peel in terms of the dielectric constant of relaxation (Table 2) . β-Dispersion can be understood by the orientation of the fixed charges of proteins or ). The seeds are composed by proteins (in low proportions) and the peel presents high carbohydrates content; however, it seems that they do not present orientation capacity; thus, the signal in both cases is low. In addition, the only samples that show significant differences (p < 0.05) in β-relaxation frequency are peel and pulp (Table 3) . Finally, in the spectrum range of the γ-dispersion, significant differences (p < 0.05) in the dielectric relaxation constant between the three types of tissues can be observed ( Table 2) . As was explained in the BIntroduction^section, γ-dispersion is related with the orientation and induction of dipolar molecules (water), and as Table 1 shows, there are significant differences in moisture and water activity for all samples (p < 0.05), being the pulp the one which presents the highest values and the seed, the lowest. In addition, also the micrographies (Fig. 2) show differences in water content among tissues. Thus, microwave range can be considered as the optimum range to differentiate mandarin tissues and therefore, a deep analysis is needed.
Taking into account the imaginary part of the permittivity, the dielectric loss factors of the different mandarin tissues are shown in Fig. 4 . At low frequencies of the microwave range, the effect of the ionic conductivity can be appreciated. Ionic conductivity produces vibration of charged molecules; therefore, it only produces electrical energy losses (Talens et al. 2016; Castro-Giráldez et al. 2010a, b) . It should be noted that the pulp presents the highest ionic effect due to the high ion concentrations (Pérez-López et al. 2007 ) which generate vibrations when the tissue is subjected to an external electric field (Traffano-Schiffo et al. 2015) . Figure 5 shows the relations between the logarithm of the moisture in dry basis and the dielectric constant in γ-relaxation, where it is possible to observe a linear relation between both parameters (R 2 = 0.948). Therefore, the relaxation dielectric constant in γ-dispersion is a useful tool to predict the moisture in dry basis by using dielectric spectroscopy.
Conclusions
It is possible to study deeply all mandarin tissues at macroscopic and microscopic level, to understand and to relate the structure with physicochemical and electric properties. The relaxations parameters (dielectric constant and frequency) of each tissue in α-, β-, and γ-dispersions are obtained. Finally, a tool based on the relaxation dielectric constant in γ-dispersion, able to determine the moisture of the samples in dry basis, is developed.
This investigation work represents a valuable first step in the design and development of non-invasive and on-line sensors for detecting seeds inside the mandarin fruit based on a spectrophotometric analysis at microwave range. Where (▲) corresponds to the pulp, (•) the peel, and (♦) the seed
